ABSTRACT. This study aims to explore the roles of somatic embryogenesis receptor-like kinase (SERK) in Malus hupehensis (Pingyi Tiancha). The fulllength sequences of SERK1 in triploid Pingyi Tiancha (3n) and a tetraploid hybrid strain 33# (4n) were cloned, sequenced, and designated as MhSERK1 and MhdSERK1, respectively. Multiple alignments of amino acid sequences were conducted to identify similarity between MhSERK1 and MhdSERK1 and SERK sequences in other species, and a neighbor-joining phylogenetic tree was constructed to elucidate their phylogenetic relations. Expression levels of MhSERK1 and MhdSERK1 in different tissues and developmental stages were investigated using quantitative real-time PCR. The coding sequence lengths of MhSERK1 and MhdSERK1 were 1899 bp (encoding 632 amino acids) and 1881 bp (encoding 626 amino acids), respectively. Sequence analysis demonstrated that MhSERK1 and MhdSERK1 display high similarity to SERKs in other species, with a conserved intron/exon structure that is unique to members of the SERK 14577 Roles of SERK1 in Pingyi Tiancha and a hybrid strain ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (4): 14576-14586 (2015) family. Additionally, the phylogenetic tree showed that MhSERK1 and MhdSERK1 clustered with orange CitSERK (93%). Furthermore, MhSERK1 and MhdSERK1 were mainly expressed in the reproductive organs, in particular the ovary. Their expression levels were highest in young flowers and they differed among different tissues and organs. Our results suggest that MhSERK1 and MhdSERK1 are related to plant reproduction, and that MhSERK1 is related to apomixis in triploid Pingyi Tiancha.
INTRODUCTION
Apomixis is a special type of asexual reproduction, where plants form embryos and produce viable offspring, which are genetically identical to the mother plant, via seeds without sperm-egg fusion (Rodriguez-Leal and Vielle-Calzada, 2012) . Apomixis is a special reproductive mode of asexual reproduction found among higher plants, which simplifies the process of cross breeding and leads to further stable hybrid vigor in plant breeding (Spillane et al., 2001 ). Therefore, apomixis may help plants to retain successful genotypes and propagate specific genotypes or superior hybrids bearing complex gene sets, resulting in a fitness advantage in the surrounding environment (Albertini et al., 2005; Sailer et al., 2014) .
Receptor-like kinases (RLKs) are pivotal components in the regulation of hormone signaling, abiotic and biotic stress responses, and development in plants (Wrzaczek et al., 2010) , and the leucine-rich repeat sequence receptor-like kinase (LRR-RLK) is a large subfamily of the RLK family in plants. Somatic embryogenesis receptor-like kinase (SERK) was first discovered in embryogenic cells in the hypocotyl of Daucus carota, and was shown to play an important role in plant life processes (Schmidt et al., 1997) . LRR-RLKs are divided into 13 subclasses according to the structure and quantity of different extracellular LRRs (Gou et al., 2010) 2010, and SERK belongs to the second subclass (Shiu and Bleecker, 2001) . The protein structure of SERK begins with a signal N-terminal peptide followed by one leu-zipper domain, five LRRs, one ser-pro-ro (SPP) motif, one single transmembrane (TM) domain, three conserved serine/threonine kinase subdomains, and one C-terminal leucine-rich domain (Cueva et al., 2012) .
Several studies have shown that SERK is involved in apomixis (Shi et al., 2012) . Albertini et al. discovered that PpSERK acts as the switch that channels the development of the embryo sac, and it may also redirect signaling gene products to compartments other than their typical ones in nucellar cells of apomictic genotypes (Albertini et al., 2005) . Podio et al. demonstrated that the expression of PnSERK2 in nucellar tissue is correlated with apomixis onset in Paspalum notatum (Podio et al., 2014) . At present, several SERKs have been cloned in both dicotyledonous and monocotyledonous plants, such as Arabidopsis thaliana , Medicago truncatula (Nolan et al., 2003) , Helianthus annuus (Thomas et al., 2004) , Oryza sativa (Hu et al., 2005; Ito et al., 2005) , Rosa hybrida cv. Linda (Zakizadeh et al., 2010) , Triticum aestivum (Singla et al., 2007) , Vitis vinifera (Schellenbaum et al., 2008) , and Zea mays (Baudino et al., 2001) . However, reports of SERKs in triploid Pingyi Tiancha (Malus hupehensis Pamp. Rehd. var. pingyiensis Jiang) and a tetraploid hybrid strain 33# have not been published. In addition, a previous report has also proven that SERK functions are highly conserved (Shi et al., 2012) . Thus, SERKs should exist in triploid Pingyi Tiancha and the tetraploid hybrid strain 33#.
The apomictic plant Pingyi Tiancha, which originates from Pingyi county in the Shandong province of China, shows favorable characteristics, such as salt tolerance (Dai et al., 2011) , high grafting affinity with apple, and uniform seedlings (Liu et al., 1989) . Apomixis is well known for its ability to fix these advantageous genotypes (Sailer et al., 2014) . Therefore, it is of high importance to explore the mechanism of apomixis in Pingyi Tiancha.
In this study, to determine the role of SERK in M. hupehensis development and reproduction, SERK was cloned from two of these plants, triploid Pingyi Tiancha and a tetraploid hybrid strain 33#. In addition, protein structures and phylogenetic relations of the cloned SERKs were analyzed. Furthermore, quantitative real-time PCR (qRT-PCR) was used to analyze the expression levels of SERK in different tissues, organs, and ovaries during different developmental stages.
MATERIAL AND METHODS

Plant material
Triploid Pingyi Tiancha (3n) and the tetraploid hybrid strain 33# (4n; obtained from the cross of Pingyi Tiancha x Zha'ai Shandingzi) were cultivated in the experimental farm at Shenyang Agricultural University. Young leaves were used for DNA and RNA extraction. RNA from leaves, sepals, petals, ovaries, pistil, and stamen was used for gene expression analysis. All specimens were immediately frozen in liquid nitrogen after collection, and then stored at -70°C.
RNA/DNA extraction and cDNA synthesis
Total RNA was extracted using the conventional cetyltrimethylammonium bromide (CTAB) method (Khan et al., 2004) , and poly(A) RNA was isolated using the mRNA Purification Kit (Takara Bio Inc., Otsu, Shiga, Japan) following the manufacturer protocol. RNA preparations were then treated with Dnase I (Takara) and subsequently reversely transcribed into cDNA using AMV reverse transcriptase (Takara). Parallel amplification reactions from 18S rRNA were performed as a control. Genomic DNA was extracted from young leaves using the CTAB method (Khan et al., 2004) and samples were treated with Rnase A (Takara) to eliminate RNA.
Cloning the full-length cDNA of SERK1
A specific gene primer pair SERK1-F1/R1 was designed based on the conserved regions of SERK1 for fragment PCR. Subsequently, rapid amplification was performed for the full-length cDNA sequence of SERK1 utilizing the specific primer pair SERK1-F2/R2. PCR conditions were as follow: initial denaturation at 94°C for 5 min, followed by 35 cycles of denaturation at 94°C for 40 s, annealing at 60°C for 1 min, extension at 72°C for 1.5 min, and a final extension at 72°C for 10 min. Sequences were sequenced, aligned, and analyzed using DNAMAN (Lynnan Corp, Pointe-Claire, Quebec, Canada) and the Clustal software tools (http://www.ebi.ac.uk/tools/clustalw2) (Larkin et al., 2007) . All the primers are listed in Table 1 .
Protein structure and phylogenetic analysis for SERK1
The basic local alignment search tool (BLAST) from the National Center for Biotechnology Information (NCBI) website (http://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to retrieve the results of sequencing, and DNAMAN6.0 (Lynnan Corp, Pointe-Claire, Quebec, Canada) was used to analyze sequences. The open reading frame (ORF) for SERK1 was predicted using the ORF Finder tool (http://www.ncbi.nlm.nih.gov/gorf/gorf.html), and then ORFs were translated into amino acid sequences. The physico-chemical parameters of the protein structures were obtained using ExPASy (http://expasy.org/tools/protaram.html/). The phylogenetic relationship of SERK1 in Pingyi Tiancha and the hybrid strain (33#) was assessed with an additional 17 SERKs from other species using a neighbor-joining tree in ClustalX (Thompson et al., 1994) 1994 and MEGA4 (http://www.megasoftware.net/mega4/mega.html) (Tamura et al., 2007) with 1000 replications. Table 1 . Primers used for the amplification and expression analysis of SERK1 in two types of Malus hupehensis, triploid Pingyi Tiancha and tetraploid hybrid strain 33#.
qTR-PCR analysis of SERK1
The primer pair SERK1-F3/R3, which spans two exons, was designed for qRT-PCR (Table 1) . qRT-PCR was performed using SuperReal PreMix SYBR Green (TIANGEN BIOTECH, Beijing, China) on an iQ5 real-time PCR System (Biorad Laboratories Inc., Hercules, California, USA). Parallel amplification for 18S rRNA was also performed as the endogenous control. Dnase I (Takara) was used to eliminate genomic DNA contamination. Amplification specificity was verified by electrophoresis and melt curve analysis. The qRT-PCR reaction procedure was as follows: 95°C for 3 min; followed by 40 cycles of denaturation at 95°C for 10 s, annealing at 60°C for 20 s, and extension at 72°C for 20 s. Each experiment was performed in triplicate. The results were analyzed using the iQ5 System software according to the 2 -ΔΔCt method (Livak and Schmittgen, 2001) .
RESULTS
Cloning of the SERK1 gene in Malus
Using the gene primer pair SERK1-F1/R1, we obtained two fragments 705 bp in length from Pingyi Tiancha and the hybrid strain (33#), respectively. BLAST searches based on these two sequences against the apple genome databases (http://www.applegene.org/and http://gfdb.sdau. edu.cn/) revealed several hits matching SERK conserved domains. Thus, these two fragments were named MhSERK1 and MhdSERK1 for Pingyi Tiancha and the hybrid strain (33#), respectively. The full-length cDNA sequences of MhSERK1 and MhdSERK1, amplified using primer pair SERK1-F2/R2, were 1899 bp (GenBank accession No. JQ231272) and 1881 bp (GenBank accession No. JQ231273), respectively. cDNA sequences of MhSERK1 and MhdSERK1 contained 11 exons interspersed by 10 introns. The cDNA sequence similarity between triploid and tetraploid M. hupehensis was 95.95%, with only 18 bp differences (696 to 714 bp; Figure 1 ). The cDNA sequences had an integral ORF with the initial codon ATG at the 5'-end and the terminal codon TAA at the 3'-end. 
Coding sequence characteristics and clustering analysis of MhSERK1 and MhdSERK1
MhSERK1 and MhdSERK1 encoded peptides of 632 and 626 amino acids with the predicted molecular weights of 69.58 and 68.86 KDa and isoelectric points (PI) of 5.22 and 5.45, respectively. MhSERK1 and MhdSERK1 possessed 11 domains, including a signal peptide, followed by one leucine zipper domain, four LRR domains with glycosylation sites, one proline-rich domain containing an SPP motif, one alanine-rich hydrophobic TM domain, and three serine/threonine kinase domains. Moreover, MhSERK1 and MhdSERK1 had one extracellular signal domain, one standard TM domain, and one intracellular kinase domain. Multiple alignments of amino acid sequences of MhSERK1 and MhdSERK1 with other SERK members are shown in Figure 2 . The phylogenetic tree revealed that MhSERK1 and MhdSERK1 clustered into the same subfamily with orange CitSERK (Figure 3) . Additionally, MhSERK1 and MhdSERK1 showed high similarities to CitSERK1 (SERK1 from Citrus unshiu, 93%), PtSERK1 (SERK1 from Populus tomentosa, 91%), AtSERK2 (SERK2 from Arabidopsis thaliana, 90%), ZmSERK2 (SERK2 from Zea mays, 85%), ZmSERK1 (SERK1 from Zea mays, 84%), and AtSERK3 (SERK3 from Arabidopsis thaliana, 77%). Cluster analysis of SERK1 from two types of Malus hupehensis, triploid Pingyi Tiancha (MhSERK1) and tetraploid hybrid strain 33# (MhdSERK1) with other SERKs using amino acid sequences. The numbers along the tree branches refer to GenBank accession Nos. of SERKs. CitSERK1, SERK1 from Citrus unshiu; StSERK1, SERK1 from Solanum tuberosum; MtSERK1, SERK1 from Medicago truncatula; AtSERK1, SERK1 from Arabidopsis thaliana; AtSERK2, SERK2 from Arabidopsis thaliana; AtSERK3, SERK3 from Arabidopsis thaliana; AtSERK4, SERK4 from Arabidopsis thaliana; AtSERK5, SERK5 from Arabidopsis thaliana; DcSERK, SERK from Daucus carota; CnSERK, SERK from Cocos nucifera; OsBISERK1, SERK1 from Oryza sativa Indica Group; ZmSERK1, SERK1 from Zea mays; ZmSERK2, SERK2 from Zea mays; OsSERK1, SERK1 from Oryza sativa Japonica Group; PtSERK1, SERK1 from Populus tomentosa; PpSERK1, SERK1 from Poa pratensis; PpSERK2, SERK2 from Poa pratensis.
MhSERK1 and MhdSERK1 expression analysis
qRT-PCR results showed that MhSERK1 gene expression primarily occurred during reproductive growth and remained high throughout the floral organ, with a peak in the ovary of Pingyi Tiancha. For the hybrid strain (33#), MhdSERK1 was mainly expressed in the stamen and ovary, with a peak in the ovary (Figure 4) . Moreover, the expression levels of MhSERK1 in the stamen, pistil, and ovary of Pingyi Tiancha were higher than those in the stamen, pistil, and ovary of the hybrid strain (33#). Further examination of MhSERK1 and MhdSERK1 expression levels in the ovary of Pingyi Tiancha and the hybrid strain (33#) during floral development showed that their expression levels were highest during the young flower period, followed by the mature flower period and late anthesis ( Figure 5 ). 
DISCUSSION
In the present study, we cloned the homologous genes of MhSERK1 and MhdSERK1 in triploid Pingyi Tiancha and a tetraploid hybrid strain (33#), and analyzed their sequence characteristics as well as their expression patterns. The structures of MhSERK1 and MhdSERK1 contained an extracellular binding domain, a TM domain, and an intracellular kinase domain structure, which belongs to the second major category of the LRR-RLK family (Walker, 1994) . The structural characteristics of the SERK family were all displayed in MhSERK1 and MhdSERK1, including a signal peptide, one leucine zipper domain, four LRR domains containing glycosylation sites, one proline-rich domain containing one SPP motif, one alanine-rich hydrophobic TM domain, and three serine/threonine kinase domains (Cueva et al., 2012) . Additionally, we also discovered that highly conserved exons and exon/intron structure exists in MhSERK1 and MhdSERK1, which is in accordance with the SERK family, indicating the functional significance of MhSERK1 and MhdSERK1 (Sharma et al., 2008) .
The phylogenetic analysis revealed that MhSERK1 and MhdSERK1 cluster with CitSERK, which is involved in somatic embryogenesis and plant growth (Ge et al., 2010) . MhSERK1 and MhdSERK1 also showed high sequence similarities with other SERK members, such as CitSERK, PtSERK1, AtSERK2, ZmSERK2, ZmSERK1, and AtSERK3. These results suggest that MhSERK1 and MhdSERK1 belong to the SERK family and have similar biological functions.
Studies have demonstrated that SERKs play multiple roles in growth, development, and apomixis in plants Shi et al., 2012) . In our research, we discovered that MhSERK1 and MhdSERK1 were highly expressed in the ovary of Pingyi Tiancha and the hybrid strain (33#), respectively. Former studies have indicated that expression of SERKs in carrot, Dactylis glomerata, and Arabidopsis acts as a biomarker in embryonic cells (Schmidt et al., 1997; Somleva et al., 2000; Hecht et al., 2001 ). Moreover, SERK1 was involved in the microspore development of plant reproduction and was mainly expressed in the reproductive organs (Albrecht et al., 2005; Colcombet et al., 2005; Shi et al., 2014) . In Arabidopsis, the expression level of AtSERK1 mRNA was highest in closed flower buds (Schmidt et al., 1997) . Additionally, Podio et al. -revealed that expression of PnSERK2 in nucellar tissue in P. notatum is correlated with apomixis onset in the plant (Podio et al., 2014) . In this study, we demonstrated that MhSERK1 and MhdSERK1 were highly expressed in the ovary of Pingyi Tiancha and the hybrid strain (33#) during the young flower period, followed by the mature flower and late anthesis periods, during floral development. All these results suggest that expression of MhSERK1 and MhdSERK1 is related to plant reproduction.
Additionally expression of MhSERK1 in Pingyi Tiancha was found to be higher than expression of MhdSERK1 in the hybrid strain (33#). Albertini et al. (2005) demonstrated that expression of PpSERK was different in apomictic and sexual genotypes in Poa pratensis1, and thus, PpSERK may be related to apomixis. In addition, Shi et al. have shown that once SERK is activated by the nucellar cell near the megasporocyte of amixis, the migrule may induce signal conduction from nucellar cells to the embryo sac development, and the functional somatic embryo produced by meiosis of somatic cells in the ovary could lead to apomixis (Shi et al., 2012) . Accordingly, we speculated that, in our study, MhSERK1 and MhdSERK1 might be related to reproduction in Pingyi Tiancha and the hybrid strain (33#), whereas MhSERK1 might play a key role in apomixis in Pingyi Tiancha.
Further, the expression levels of MhSERK1 and MhdSERK1 were variable in leaf, petal, pistil, stamen, and ovary tissue. This is consistent with previous research that demonstrated that OsSERK1 showed variable expression levels in different tissues, as well as by the host defense against fungal infection and positively regulated somatic embryogenesis of cultured cells (Hu et al., 2005) . Moreover, MaSERK1 was found to be associated with disease resistance response and somatic embryogenic competence (Huang et al., 2010) . However, further analysis of the functions of MhSERK1 and MhdSERK1 in different organs and tissues is required.
In conclusion, our study demonstrated the role of MhSERK1 and MhdSERK1 in plant development in M. hupehensis. High expression of MhSERK1 and MhdSERK1 in ovary tissue indicates their role in plant reproduction and MhSERK1 may be related to apomixis in Pingyi Tiancha. However, further analysis is still required to validate their roles in M. hupehensis development.
